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ABSTRACT 

Context. Signatures of the processes in the early Universe are imprinted in the cosmic web. Some of them may define shell-like 
structures characterised by typical scales. Examples of such structures are shell-like systems of galaxies, which are interpreted as a 
signatures of the baryon acoustic oscillations. 

Aims. We search for shell-like structures in the distribution of nearby rich clusters of galaxies drawn from the SDSS DR8. 

Methods. We calculated the distance distributions between rich clusters of galaxies and groups and clusters of various richness, 
searched for the maxima in the distance distributions and selected candidates of shell-like structures. We analysed the space distribu¬ 
tion of groups and clusters that form shell walls. 

Results. We find six possible candidates of shell-like structures, in which galaxy clusters have the maximum in their distance distri¬ 
bution to other galaxy groups and clusters at a distance of about 120 - 130 Mpc. Another, less probable maximum is found at a 
distance of about 240 Mpc. The rich galaxy cluster A1795, which is the central cluster of the Bootes supercluster, has the highest 
maximum in the distance distribution of all other surrounding groups and clusters in our rich cluster sample. It lies at a distance 
of about 120 Mpc. The structures of galaxy systems that cause this maximum form an almost complete shell of galaxy groups, 
clusters, and superclusters. The richest systems in the nearby universe, the Sloan Great Wall, the Corona Borealis supercluster, and 
the Ursa Major supercluster, are among them. The probability that we obtain maxima like this from random distributions is lower than 
0 . 001 . 

Conclusions. Our results confirm that shell-like structures can be found in the distribution of nearby galaxies and their systems. 
The radii of the possible shells are larger than expected for a baryonic acoustic oscillations (BAO) shell (=» 109 Mpc versus 
120 - 130 Mpc), and they are determined by very rich galaxy clusters and superclusters. In contrast, BAO shells are barely seen 
in the galaxy distribution. We discuss possible consequences of these differences. 

Key words, large-scale structure of the Universe; Galaxies: clusters: general 


1. Introduction 


One of the most remarkable achievements of contem¬ 
porary cosmology is the discovery of the cosmic web 
- a complex hierarchical network of galaxy systems in 
which galaxies, galaxy groups, clusters, and superclus¬ 
ters form interconnected systems tha t are separated by 
voids of yarious sizes dEinasto et al. 1975; iJde yeer et al] 
1977t [j^yeer & E nastol 1 1978r Gregory & ThompsonI 197 


Chincarini & Roo(J 19791: iKi rshner et ^ j^81 : IZeldoyich et al. 

1982t IOortill983l: Ide Lapparent et al.l 19861) . A short reyiew of 
the earl y studies of the cosmic web can be found in lEinasto et al.l 
(1201 lal) . The properties of the cosmic web are determined by 
yarious processes - chaotic quantum fluctuations in the yery 
early Uniyerse, the oscillations of the hot baryon-dark-matter- 
radiation plasma before the recombination, and the growth of 
density perturbations that is due to grayitational instability after 
the recombination. These processes may be reflected in the geo¬ 
metrical pattern of galaxies and galaxy systems by characteristic 
scales. 


Send offprint requests to: M. Einasto 


As proposed by iKofman & ShandarinI (Il988l) . the skeleton 
of the cosmic web is fixed by processes during or just after 
the inflation. The positions of high-density peaks and yoids do 
not change much during the cosmic eyolution, only the ampli¬ 
tude of oyer- and underdensities grows with time (iB ond et all 
ll996l : fTOn de Weygaert & Schaapl200^ISuhhonenko et al.l201 iL 

and references therein). The growth of density perturb ations in 
the p o st-recombination era i s quite well studied fsee [Peebled 
19801: ^ringel et ^ l2005t |yan de Weygaert & Schaag 120091 : 
Einasto et alj|201 la for details and references). 


The physics of baryon acoustic oscillations in the hot 
plasma is also well understood - these oscillations were cre¬ 
ated by the interplay between the grayitational pull of dark 
matter and the pressure of the phot on-electron plasma in the 
early uniyerse (iPeebles & Yul Il970l) . BAO measurements to¬ 
gether with cosmic microwaye background (CMB) obserya- 
tions proyide important tools to constrain cosmological pa- 
rameters and break degeneracies between them. Planck results 
dPlanck Collaboration et al.l2015l) of the CMB anisotropies haye 
determined the scale of acoustic oscillations (109 Mpc) 
with high accuracy, in agreement with seyeral experimen- 
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tal BAO studies: 
(ICole et al.l l2005h. 


SDSS dEisenstein et al. 2005h . 2dFGRS 
W iggleZ (iBlake et al.l 120 1 lb, 6dF galaxy 


survey ( Beutler et al.l 1201 Ih, SDSS-DR 7 ( Padmanabhan et al] 
l2Q12h . and BOSS-DR9 ( Anderson et al.lU012 ). An overview of 
observable signatures of BA O in the galaxy d istribu tion in the 
cosmic web can be found in IWeinberg et al.l (120131 and refer¬ 
ences therein). 

Baryonic acoustic oscillations create weak shells in the dis¬ 
tribution of galaxies. The signatures of BAO ha ve typically been 
detec t ed with a two-point correlation function dEisenstein et al.l 


l2005t iMartmez et al.l 120091: IWeinber g et al. 120131). bu t other 
methods have also been proposed, ljuszkiewicz et aP d2013l) 
showed that the skewness of the cosmic density field con- 
tains an imprint of bar yonic acoustic oscillations. Recently, 
lArnalte-Mur et al.l d2012h proposed a new method for searching 
for BAO shells in the distribution of galaxies - a baolet analysis, 
which is a dedicated wavelet technique. BAO shells are shell-like 
systems of galaxies whose central density enhancement is sur¬ 
rounded by an underdense r egion and then higher den sity shell¬ 
like structures of galaxies. lArnalte-Mur et al.l d2012h searched 
for BAO shells using FRGs (luminous red galaxies) as a centre 
candidate sample and the SDSS MAIN galaxy sample to trace 
the shells. They detected BAO shells in the distribution of galax¬ 
ies. 

Early studies of the cosmic web have shown the presence 
of giant voids of a scale of about 100 /; * Mpc in our cos¬ 
mic neighbourhood (iJdeveer & Einastol Il978t IZeldovich et al.l 
Il982h . lEnasto et al.l (11994 ) showed the presence of an 120 - 
130 Mpc characteristic scale in the three-dimensional distri¬ 
bution of rich clusters and superclusters of galaxies. Over- and 
underdensity regions of 200 h ' Mpc and eve n 400 Mpc size 
have been detected in the quasar distribution (iMiller et al.ll2004l: 
lEinasto et al.l 201^. 


Recently. Einasto et al.l(l2015[ hereafter E2015) detected two 
peaks in the distance distribution of rich galaxy groups and clus¬ 
ters at 120 /!“' Mpc and at a; 240 h~^ Mpc around the Abell 
cluster A2142. 

These results give rise to the question about the geometrical 
properties of the cosmic web, and, in particular, the character¬ 
istic scales of the structures in the cosmic web. In this paper 
we attempt to answer this question by searching for the pres¬ 
ence of characteristic scales in the distance distribution between 
galaxy groups and clusters that are expressed by the presence of 
maxima in these distributions, which may be caused by the shell¬ 
like structures around rich clusters in our cosmic neighbourhood. 
We use the sample of nearby rich clusters as shell centre candi¬ 
dates and analyse the space distribution of groups and clusters of 
galaxies in their neighbourhood with the aim to find structures 
that resemble shells. The detection of these structures enables us 
to study the properties of these shells and objects by tracing them 
in detail. 

In Sect.|2]we describe the data we used, in Sect.[3]we give the 
results. We discuss the results and draw conclusions in Sect. |4] 
At http: //WWW .aai.ee/~maret/Shell.html we present an 
interactive 3D model showing the distribution of galaxy groups 
in the volume under study. 

We assume the standard cosmological parameters: the Hub¬ 
ble parameter Hq = 100 h km s“* Mpc^', the matter density 
Qm = 0.27, and the dark energy density Qa = 0.73. 

2. Data 

Our galaxy sample is the MA IN sample of the 8t h data release of 
the Sloan Digital Sky Survey (lAihara et al.l201 ill with the appar¬ 


ent r magnitudes r < \1.11, and the redshifts 0.009 < z < 0.200, 
in total 576493 galaxies. We corrected the redshifts of galax¬ 
ies for the motion relative to the CMB a nd computed the co¬ 
moving distances dMartmez & Saarl 120021) of galaxies. The ab¬ 
solute magnitudes of galaxies were determined in the r-band 
{My) with the k- corrections for t he SDSS galaxies, calcu lated 
using the KCORRECT algorithm dBlanton & Roweil2007l) . We 
also applied evolution corrections , using the luminosity evolu¬ 
tion model of iBlanton et al.l d2003h . The magnitudes correspond 
to the rest-frame at the redshift z = 0. 

Groups of galaxies were determined using the friends-of- 
friends cluster analy s is method introduced in cosmology by 
iTurner & Gotd dl976h : IZeldovich et al.ldl982l) . A galaxy belongs 
to a group of galaxies if this galaxy has at least on e group mem¬ 
ber galaxy c loser than a linking length. The aim in lTemnel et al.l 
d2012ir2014l) was to find as many groups as possible while keep¬ 
ing their properties uniform with respect to distance. In a flux- 
limited sample the density of galaxies slowly decreases with dis¬ 
tance. To take this selection effect properly into account when 
constructing a group catalogue from a flux-limited sample, the 
linking length was rescaled with distance, calibrating the scaling 
relation by observed groups. Therefore, the values of the link¬ 
ing length in physical coordinates in the group catalogue de¬ 
pend on the distance. In the redshift interval 0.04 < z < 0.12, 
used in our study (see below), these values are approximately 
0.3 - 0.5 Mpc. As a result, the largest sizes in the sky projec¬ 
tion and the velocity dispersions of our groups are similar at all 
distances. Since our study is focused on rich groups of galaxies, 
it is important to note that with these values of the linking length, 
our groups do not include larg e sections of surrou nding galaxy 
filaments or superclusters (see iTemnel et al.ll20l4 for detailed 
discussion). The details of the data reduct ion and the descrip¬ 
tion o f the group catalogue can be found in lTemnel et al.l (1201 2l 
I 2 OI 4 I 1 . When compiling the group catalogue, various selection 
effects that might affect the catalogue were taken into account. 
In particular, the SDSS galaxy sample is incomplete because of 
fibre collisions - the smallest separation between spectroscopic 
fibres is 55", and about 6% of galaxies in the SDSS are without 
observed spectra. iTemnel et all (1201 2l 12014t) studied the effect 
of missing galaxies on a group catalogue and concluded that this 
mostly affects galaxy pairs. They estimated that approximately 
8% of galaxy pairs may be missing from the catalogue. This does 
not affect our study, which is mainly focused on richer galaxy 
groups. We used the data of groups and clusters in the comoving 
distance interval 120 h ' Mpc < D < 340 h ' Mpc (correspond¬ 
ing to the redshift range 0.04 < z < 0.12) where the selection 
effects are the smallest (we discuss the selection effects in de¬ 
tail in lEinasto et al.ll2012ah . As candidates of shell centres we 
chose data of groups with at least 50 member galaxies that were 
analysed previously in lEinasto et al.l (l2012blah . They correspond 
to rich galaxy clusters. This sample of 109 clusters includes all 
clusters from the SDSS DR8 with at least 50 member galaxies in 
this distance interval. 

We calculated the distance distributions and radial densities 
from these rich clusters to other groups and clusters of different 
richness from richest clusters to poorest groups (galaxy pairs) in 
our catalogue and searched for a maxima in these distributions. 
These indicate the possible presence of shell-like structures in 
the galaxy distribution. To estimate the effect of the errors in 
distance distributions, we applied the following procedure. We 
determined the distance distributions by the kernel method, us- 
ing the B3 box spline kernel (see e.g. iLiivamagi et al. 201^ 
and se lecting the kernel width as recommended by Isilvermara 
(Il986ll . The kernel width depends on both the variance of the 
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distance distribution and the number of groups, therefore we 
used different kernel widths for different richness classes, in the 
range of 7.5 /i ' Mpc to 28.3 ' Mpc. To determine the den¬ 

sity distributions, we generated reference random point distribu¬ 
tions (of 200000 points) for every richness class, following the 
SDSS mask and the radial selection function for groups of this 
class. The density distribution is the ratio of the observed and 
the reference distance distributions. We found bootstrap errors 
of distance and density distribu tions, using the smoothed boot¬ 
strap method (see, for example, iDavison & Hinkle^ll997h . This 
is based on the idea of smoothing the observed integral probabil¬ 
ity distribution for bootstrap selection and is realised by select¬ 
ing the observed points with replacement, as usual, and adding 
to their coordinates a random replacement with the probability 
distribution given by the kernel function used, but with a smaller 
width (we used half of the original width). We also applied a 
Kolmogorov-Smirnov test to compare different distance distri¬ 
butions. Errors of the distances between clusters are small, of the 
order of the cluster sizes (approximately 1 /; ’ Mpc), and their in¬ 
fluence on the results of the statistical tests is negligible. With the 
Kolmogorov-Smirnov test we compared the integral distribution 
of the data without binning, applying an empirical cumulative 
distribution function to the data. 

3. Results 

3.1. Distances between rich dusters and groups 

We calculated distances from rich clusters with at least 50 mem¬ 
ber galaxies to clusters and groups with A^gai > 50 (109), A^gai > 
40 (176), A^gai > 30 (310), A^gai > 20 (583), A^gai > 10 (1972), 
■^gai ^ 4 (11084), and A^gai > 2 (45858) (we give the number of 
systems in parenthesis). Figure [T] shows the distribution of the 
distances from all rich clusters with at least 50 member galax¬ 
ies together with distances from rich clusters to random points. 
All curves in Fig. [T] are normalised so that each integrates to 1. 
We looked for specific features in the distance distributions be¬ 
tween groups. The main form of the distribution is caused by the 
shallowness of our sample (its thickness is only 220 /; 'Mpc, 
while it is a; 600 /;“' Mpc wide). Several wiggles seen in the 
distance distributions indicate possible density maxima around 
the clusters. One with the highest height is located at distance 
of 130 /r ' Mpc, indicating an enhanced density of groups and 
clusters around rich clusters at this distance. The wiggles are 
seen in distributions of distances of rich clusters and clusters 
with 20 - 50 member galaxies and disappear from distributions 
if calculations include groups with 2-10 member galaxies. This 
suggests that possible structures with enhanced density are more 
clearly delineated by rich groups and clusters of galaxies. The 
Kolmogorov-Smirnov test, applied to the distance distributions 
in the distance interval of 90 - 140 /; ' Mpc, confirmed that the 
differences in distributions of distances from rich clusters with at 
least 50 member galaxies to groups with 2-10 member galaxies 
are statistically highly significant, with a p-value p < 0.01. Wig¬ 
gles like this are not seen in the distance distributions to random 
points. As seen in Fig. [T] the distance distributions of random 
points and poor groups overlap, showing that these distributions 
are similar. 

In Fig. |2] we plot the distribution of groups and clusters 
with at least four member ga laxies i n Cartesian coo r dinate s 
defined as in iPark et al.l (l2007h and in iFiivamagi et al.l d2012l) : 
X - -£/ sin T, y = d cos A cos rj, and z - d cos A sin rj, where 
d is the comoving distance, and A and t] are the SDSS sur¬ 
vey coordinates. In the SDSS, the survey coordinates form a 


spherical coordinate system, where (rj, d) = (0,90.) corresponds 
to (R.A., Dec.) - (275., 0.), {ri,A) - (57.5,0.) corresponds to 
{R.A.,Dec.) = (0.,90.), and at ( 77 , 4 ) = (0.,0.), {R.A.,Dec.) = 
(185., 32.5). Here the locations of all rich groups and clusters 
with at least 30 member galaxies are plotted, but to avoid strong 
projection effects, we show only those poor groups that are su¬ 
percluster members. Rich clusters of galaxies with at least 50 
members are plotted in red. This figure shows that many rich 
clusters are located at the y-coordinate interval approximately 
170 - 220 /!“* Mpc, at which rich galaxy superclusters, includ¬ 
ing those belonging to the Sloan Great Wall, form three chains of 
superclusters, separated by voids of size of about 100 Mpc. 
The Bootes supercluster (Scl 349) with its richest cluster, A1795, 
is located in the middle chain of superclusters. We also see rich 
clusters in the chains of nearby superclusters that connect the 
Hercules supercluster and the chains of rich superclusters be¬ 
hind it ( the distribution of ga laxy superclusters was described in 
detail in lEinasto et akll^l Ibl) . 



Fig. 1. Distance distributions from all rich clusters with at least 50 
member galaxies to other groups and clusters of different richness and to 
random points (see figure legend and text for details; random catalogues 
were generated for every richness class, but since the distributions are 
overlapping, we plot them all with dotted grey lines). 

As a next step, we analysed the distance distributions of 
groups and clusters of galaxies around each rich cluster individu¬ 
ally. This analysis showed that whether the distance distribution 
has a maximum or not depends on the location of the cluster in 
the cosmic web (Fig. |2]i. Cluster A1795 in the middle chain of 
superclusters in the Bootes supercluster (SCI 349, cluster 3 in the 
figure and in Table[T]i has the strongest maximum in the distance 
distributions. In the next section we describe in detail the struc¬ 
tures in the cosmic web that give rise to these maxima. We found 
28 galaxy clusters with a maximum at 120-130/;“' Mpc in these 
distributions. They can be considered as shell centre candidates. 
If these clusters are located in the same (or neighbouring) su¬ 
perclusters, they are grouped together and represent the same 
possible centre, therefore we selected one cluster per possible 
centre. Data on six shell centre candidate clusters are given in 
Table[T] We list the coordinates, distances, total luminosities, and 
the peak values of the luminosity density field at the location of 
the cluster (at a smoothing length of 8 /r^* Mpc, calculated with 
the B 3 spline kernel in units of mean luminosity density, fmean = 
1.65T0“^ 1° 'uJIa iLiivamagi et alJl20T^ . Next we describe the 
maximum, and the spatial structure around cluster A1795 in de¬ 
tail. Data on galaxy superclusters mentioned in the text can be 
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Table 1. Data on shell centre candidate clusters. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

No. 

ID 

Ngal 

R.A. 

[deg] 

Dec. 

[deg] 

Dist. 
[/u' Mpc] 

^tot 

[10'0/t-2^o] 

Z)8 

Abell ID 

SCI ID 

1 

20159 

52 

158.02 

40.16 

203.31 

59.80 

3.9 

A 1026, A 1035X 

— 

2 

3714 

82 

164.58 

1.56 

121.07 

54.71 

5.6 

A 1139X 

— 

3 

23374 

114 

207.22 

26.68 

186.81 

100.95 

9.0 

A 1795X, A 1818 

349 

4 

34513 

53 

225.86 

7.88 

261.94 

94.18 

5.9 

A 2020 

1311 

5 

50647 

52 

232.32 

52.88 

217.84 

62.30 

4.4 

— 

— 

6 

29587 

207 

239.52 

27.32 

264.53 

365.47 

20.7 

A 2142X 

1 


Notes. Columns are as follows: 1: Order number of the cluster; 2: ID of the cluster; 3: the number of galaxies in the cluster, Agai; 4-5: cluster right 
ascension and declination, (R.A. and Dec.); 6: cluster comoving distance, Dist.; 7: cluster total lumi nosity, Ltpt; 8: the p eak value of the luminosity 
dens ity field at the lo cation of the cluster, D8; 9: Abell ID of the cluster; X denotes X-ray cluster dLedlow et al.ll200^ : 10: SCI ID of the cluster 
from lLiivamagi et aP ( |2012|) . 



-300 -200 -100 0 100 200 

X 



-300 -200 -100 0 100 200 


X 

Fig. 2. Distribution of supercluster member groups with at least four 
galaxies in Cartesian coordinates as defined in the text, in Mpc. Grey 
empty circles denote groups with at least four member galaxies, grey 
filled circles denote clusters with 30 < ^ 50, and red filled circles 

mark the location of clusters with Agaj > 50. Black stars denote clusters 
that might he centres of enhanced density structures, as explained in the 
text, black numbers are order numbers of possible centre clusters from 
Table[T] Blue numbers are supercluster ID numbers from Table|2l 


found in Tablel2l(see lLiivamagi et al1l2012l : |Einasto et alj2012ai 
for details). 

3.2. Structure around cluster A1795 

We show in Fig. [3]the distributions of distances of rich and poor 
clusters and groups from cluster A1795. We also plot the dis¬ 
tance and density distributions of the random samples that fol¬ 
low the mean dependence of the groups on distance from the ob¬ 
server (the reference distribution) and the 95% confidence lim¬ 


its for the distributions, obtained by smoothed bootstrap, as de¬ 
scribed above. Random distributions are smooth with a maxi¬ 
mum around 150 Mpc that is caused by the geometry of the 
sample (Fig.[3]l. The selection functions used to generate the ran¬ 
dom distributions account for the fact that the spatial density of 
groups of various richness in our sample differs slightly. Thus 
the dependence of the density of groups of different richness in 
the random distributions on distance follows that in our group 
catalogue. 

Table 2. Data of superclusters. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

ID(long) 

ID 

Dist. 

^tot 

^peak 

ID(EOl) 

239H-027-H0091 

1 

264 

1809 

22.2 

— 

227H-006-H0078 

7 

233 

1675 

17.0 

154 

184H-003-H0077 

19 

231 

2919 

15.0 

111 

167H-040-H0078 

24 

225 

751 

14.6 

95 

202-001-H0084 

27 

256 

5163 

14.0 

126 

173H-014-H0082 

54 

241 

2064 

12.4 

111 

230H-027-H0070 

99 

215 

2874 

11.5 

158 

229H-006-H0102 

103 

302 

1004 

11.0 

160 

135H-038-H0094 

124 

281 

548 

10.5 

249 

152-000H-0096 

126 

285 

1001 

10.1 

82 

203H-059-H0072 

143 

211 

753 

10.1 

133 

172H-054-H0071 

211 

207 

1618 

9.2 

109 

216H-016-H0051 

349 

159 

284 

8.5 

138 

227H-007-H0045 

352 

135 

379 

8.7 

154 

151H-054-H0047 

782 

139 

465 

6.8 

— 

226H-007-H0090 

1311 

272 

95 

5.4 

— 


Notes. The columns are as follows: 1: Long ID of a supercluster 
AAA-l-BBB+ZZZZ, where AAA is R.A., -I-/-BBB is Dec. (in degrees), 
and ZZZZ is lOOOz tsee iLiivamagi et ^120121 for details); 2: ID of a 
supercluster from the SDSS DR8 superclusters catalogue; 3: the dis¬ 
tance of a supercluster, in Mpc; 4: the total weighted luminosity of 
galaxies in the supercluster, Ltot> in 10 '°/i“^Lq; 5: the luminosity den¬ 
sity value at the density maximum (density contrast), dpgak’ in units 
of the mean luminosity density ( ILiivamagi et al.l2012l); 6: ID(EOl): the 
supercluster ID in the catalogue bv lEinasto et aLl(l200lh . SCI 160 - the 
Hercules supercluster, SCI 111 and SCI 126 - superclusters of the Sloan 
Great Wall, SCI 158 - the Corona Borealis supercluster, SCI 138 - the 
Bootes supercluster, SCI 109 - the Ursa Major supercluster. 

Figure [3] shows in the distributions of distances between 
A1795 and other rich clusters with Agai > 30 at least two 
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Fig. 3. Left panels show the distrihution of distances between cluster 
A1795 and other groups and clusters of different richness from pairs 
to clusters with Agai ^ 50. Right panels show the radial density pro¬ 
file around A1795 (6(r) = where po is the average density of the 
sample). Richness limits of groups and clusters are given in the panels. 
The legends are: gr stands for group distributions, ran for the random 
samples, and hi and b2 denote the upper and lower 95% bootstrap con¬ 
fidence limits for the group distributions. 


maxima, the first maximum at the distance approximately 
120 /t ' Mpc, and a second one, at the distance approximately 
240 /t^' Mpc (122 and 238 Mpc exactly). Out of 108 rich 
clusters in our sample, 54 are located in the distance interval 
of 90 < D < 140 /t * Mpc from A1795. The bootstrap anal¬ 
ysis and the comparison with random distribution (blue line in 
Fig. [3j and the Kolmogorov-Smirnov test for the full samples) 
confirmed that the observed distance distributions are different 
from random distributions at a high significance level. The lo¬ 
cation of the maximum does not depend on richness, but its 
height increases with the group richness. The density distribu¬ 
tions show minimum and maximum at the same scales. There is 
a slight increase of densities and bump in the distance distribu¬ 
tions at scales smaller than 47 Mpc. At the density maximum 
at 120 Mpc, the cluster density is about 1.6 times higher than 
the mean cluster density in the sample. 

The tests mentioned above showed that observed distribu¬ 
tions differ from random distributions, but as the number of rich 


groups in our sample is small, the maximum we find might still 
be random fluctuations. They also show a difference from ran¬ 
dom samples, but this does not say whether the difference is re¬ 
lated to the presence of maxima in the distance distributions. To 
check this, we generated 1000 random samples for every rich¬ 
ness class with the same number of groups as in the correspond¬ 
ing class. These samples populate the same volume as the ob¬ 
served clusters and have the same selection function. For each of 
these random samples, we found the distance and density distri¬ 
bution around A1795 in the same way as we did for the observed 
sample and determined the maxima in these distributions. The 
mean number of maxima depended on the richness class, be¬ 
ing about 4 for the groups of richness Ng^i > 50 and about 6 
for Agai > 20. We found the probability distribution of these 
maxima in the (Rmax, Dmax) plane and compared it with the val¬ 
ues of {Rmax, Dmax) for the observed maxima. This gave us the 
probability of obtaining maxima in the random distribution. By 
comparing the distribution of these maxima, we found a few ran¬ 
dom maxima near the observed maxima at small ( 40 Mpc) 
and large ( 240 Mpc) distances, but the maximum around 
120 Mpc lay far outside the minimum (1/1000) probability 
contour for the random maxima. We can therefore say that this 
maximum is real, with the probability that we obtain such a max¬ 
imum from random distributions lower than 0.001, but the other 
maxima might be caused by the small number of groups in the 
sample. 

Next we analyse the space distribution of galaxy groups and 
clusters around cluster A1795 to understand which structures are 
behind the minima and maxima in the distance and density dis¬ 
tributions. 



180 90 0 -90 -180 


X 



180 90 0 -90 -180 


X 

Fig. 4. Sky distribution of galaxy groups around clus ter A1795. X and 
Y are sky coordinates in a Hammer-Aitoff projection jMartmez & Saad 
120021) . Black filled circles denote clusters with Ag^i > 30, black empty 
circles those with 10 > Agai < 30, grey crosses those with 4 > Agai < 
10, and grey dots show poor groups with only two or three member 
galaxies. Upper panel: groups and clusters in a distance interval of 90 - 
130 Mpc, lower panel: in a distance interval of 50-90 h^' Mpc. The 
void in the upper panel is due to the boundary effects. 

Figure |4] shows the sky distribution of poor and rich groups 
around cluster A1795 in a distance interval of 90 /t ' Mpc < 
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D < 130 h ' Mpc (upper panel), and in a distance interval of 
50 /t * Mpc < D < 90 h ' Mpc (lower panel). Almost the com¬ 
plete sky is covered; only a small part of the shell is not visible 
as a result of the sample boundaries. This plot shows filaments of 
various richness in the shell. In the upper panel one of the rich¬ 
est structures is the Sloan Great Wall (the superclusters SCI 027 
and SCI 019) in the lower central part of the plot, delineated by 
rich galaxy clusters. Here, in the region of the Sloan Great Wall, 
the highest luminosity density contrast value is Z)8 = 15.0, see 
Table |2l In contrast, in the middle of the left part of the figure 
we see a low-density region that is only crossed by filaments 
of poor groups. This clearly shows that the shell is determined 
by filamentary galaxy systems of various richness. The lower 
panel also shows filamentary galaxy systems, but they are gen¬ 
erally poor. Even the richest systems here consist mostly of poor 
groups and clusters of intermediate richness. 



Fig. 5. Distribution of supercluster member groups with at least four 
galaxies in Cartesian coordinates (in Mpc, grey dots). Red filled cir¬ 
cles denote clusters with Agai > 50, and blue filled circles denote clus¬ 
ters with 30 < Agai < 50 in a distance interval of 90 < D < 140 Mpc 
from A1795. Red empty circles denote clusters with Ag^i > 50, and blue 
empty circles denote clusters with 30 < N^.^\ < 50 in a distance interval 
of 200 < D < 240 Mpc from A1795. The star denote the location of 
A1795. 

To understand the space distribution of galaxy groups and 
clusters in this region better, we show in Fig. |5] the distribu¬ 
tion of groups and clusters with at least four member galax¬ 
ies in Cartesian coordinates. Below we describe the structures 
of the cosmic web around A1795 in detail. The central part of 
the structure seen in the figure is formed by cluster A1795 and 
other groups and clusters in the Bootes supercluster (SCI 349 
with a highest luminosity density D - 8.5). They are surrounded 
by underdense regions. Chains of galaxy systems penetrating 
these voids connect the Bootes supercluster with other super¬ 
clusters that form the walls of the shell. These chains cause 
the density enhancement at distances D < 10 Mpc seen in 
Fig. [3] and in the sky distribution in Fig. 0] After a minimum at 


about D ss 80 /! ' Mpc, the next maximum in the distance dis¬ 
tribution at D 120 /j^^Mpc is due to clusters and groups in 
rich superclusters. ID numbers of some superclusters are shown 
in Fig. |5] They include the superclusters from the Sloan Great 
Wall, SCI 027 and SCI 019 with a density contrast D8 = 14.04 
and 15.0 in the lower part of the lower panel, the Ursa Ma¬ 
jor supercluster (SCI 211) with D8 = 9.2 and SCI 024 with 
D8 = 14.6 near SCI 211 in the upper part of the right panel, and 
the superclusters SCI 099 (the Corona Borealis supercluster with 
D8 = 11.5) and SCI 001 with D8 = 22.2 on the left side of pan¬ 
els. The superclusters SCI 352 with D8 = 8.7 and SCI 782 with 
D8 = 6.8 are members of galaxy filaments that penetrate the void 
between the nearby rich Hercules supercluster (D8 = 11.0) and 
the superclusters SCI 027 and SCI 211, marking the other edges 
of the shell. Thus, galaxy superclusters around cluster A1795 
form a structure close to a spherical shell-like structure since 
rich superclusters, connected by galaxy filaments and poor su¬ 
perclusters, are approximately at the same distance from the cen¬ 
tre cluster A1795. The maximum in the distance distribution is 
wide, which is due to the width of superclusters. The voids are 
not empty but marked by poor galaxy groups (Fig.|4|. This shows 
that the overall distribution of the poor groups is smoother than 
that of rich clusters, and their density contrast is lower, as seen in 
Fig .[3] The distributio n of rich galaxy super clusters in this region 
was also described in lEinasto et alJ (1201 Ibl) . 

Groups and clusters at distances D > 220 Mpc are lo¬ 
cated across the void region at a distance of 120 Mpc from 
the wall surrounding cluster A1795. Possibly, they form another 
shell. However, the far part of this possible wall are not covered 
by SDSS, and we cannot study this structure in detail. 
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Fig. 6. Distance distribution between cluster Gr50647 and other groups 
and clusters of different richness (left panels) and the distribution of 
groups with at least four galaxies in Cartesian coordinates (right panels). 
The richness limits of groups and clusters are given in the left panels, 
gr stands for group distributions, ran for the random samples, and bl 
and b2 denote the upper and lower 95% bootstrap confidence limits 
for the group distributions. In the right panels grey empty circles show 
groups with at least four member galaxies. Black filled circles denote 
clusters with Agai > 30 in a distance interval of 90 Mpc < D < 
140 Mpc from Gr50647, and black empty circles those with Ag^i > 
30 in a distance interval of 200 Mpc < D < 250 Mpc from 
Gr50647. The star denotes the location of Gr50647. The positions of 
the maxima are 119 and 242 hr^ Mpc (upper left panel, Agai > 50), and 
117 and 219 Mpc (lower left panel, Ag^i > 30). 
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3.3. Structures around other rich clusters 

Our calculations showed five more possible shell candidates for 
which central galaxy clusters had a maximum at a scale of about 
120 - 130 Mpc in the distance distribution to other galaxy 
groups and clusters. None of these possible shells are as fully 
embedded in our sample volume as the shell around cluster 
A1795. We applied the smoothed bootstrap test to compare the 
observed and random distance distributions and found for all 
these clusters that the observed distributions differ from random 
with high significance. With the maxima test described above, 
we tested the probability that these maxima can also be found 
in random distributions. Our sample is shallow, the mean den¬ 
sity run of the randomised samples does not represent the local 
group density distribution well. We therefore did not use the nor¬ 
malised density as shown in Fig. [3 but show the direct distance 
distributions instead. The maximum in the distance distributions 
is not always at the same position. Depending on the location of 
clusters of different richness in superclusters and on the width of 
superclusters, the values of the maximum for these clusters are 
in a distance interval of 117 - 136 Mpc in the distance distri¬ 
bution of clusters with Ng^i > 30. We list the values of distance 
maxima in the captions of the distance distribution figures. We 
also present the figures of the distribution of groups and clus¬ 
ters with at least four member galaxies in Cartesian coordinates 
around these five clusters. The data of these clusters are listed in 
Table[T] Systems with the number of member galaxies Ng^i > 30 
are plotted with black filled circles if their distances from the 
shell centre cluster lie in an interval of 100 ' Mpc < D < 

150 Mpc, and with black empty circles if their distances lie 
in an interval of between 200 ' Mpc < D < 250 ' Mpc from 

the centre. 
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a probability lower than 0.001 to be drawn from the random dis¬ 
tributions. 



Fig. 8. Distance distribution between cluster Gr20159 (A1026) and 
other groups and clusters of different richness (left panels) and the 
distribution of groups with at least four galaxies in Cartesian coordi¬ 
nates (right panels). Notations and details are the same as in Fig.|^ The 
maxima are located at 131 (upper left panel, Aigai > 50), and 130 and 
207 Mpc (lower left panel, > 30). 



Fig. 9. Distance distribution between cluster Gr3714 (Al 139) and other 
groups and clusters of different richness (left panels) and the distribu¬ 
tion of groups with at least four galaxies in Cartesian coordinates (right 
panels). Notations and details are the same as in Fig.|3 The maxima are 
located at 136 and 244 Mpc (upper left panel, > 50), and 131 
and 216 Mpc (lower left panel, Agai > 30). 


Fig. 7. Distance distribution between cluster A2142 (Gr29587) and 
other groups and clusters of different richness (left panels), and the dis¬ 
tribution of groups with at least four galaxies in Cartesian coordinates 
(right panels). Notations and details are the same as in Fig.|^ The max¬ 
ima are located at 135 and 231 Mpc (upper left panel, Agai > 50), 
and 131 and 233 Mpc (lower left panel, Ngai > 30). 

Cluster Gr50647 (F ig. |6]l lies at the edge of one c hain of su¬ 
perclusters described in lEinasto et al.l (120116112012^ . the super¬ 
clusters SCI 143 with D8 = 10.1 and SCI 211 (the Ursa Major 
supercluster with D8 = 9.2) are among them. The walls of the 
possible shell are formed by superclusters in the nearby void re¬ 
gion and another chain of superclusters, including the Corona 
Borealis supercluster with D% - 11.5. Clusters at distances D > 
200 A * Mpc from Gr50647 lie in the Sloan Great Wall. The 
maxima test confirmed that the maximum at 130 A ' Mpc has 


Cluster A2142 (Gr29587), the central cluster of a rich super¬ 
cluster (A2142 supercluster, E2015) is the centre of a possible 
shell whose walls are formed by superclusters SCI 007, SCI 352, 
and SCI 349 (the centre of another shell candidate) with a den¬ 
sity contrast D8 = 8.5 - 17.0 (Fig. |7]i- The Sloan Great Wall 
and other rich superclusters cause a maximum in the cluster dis¬ 
tance distribution at D > 200 A ' Mpc (Fig.|7]left panel). For this 
cluster the maxima test showed, however, that the maximum at 
135 A ' Mpc can also be found in the random distributions. The 
low significance of the maximum may arise from the location of 
this cluster near the sample edge. 

Cluster Gr20159 (A1026) is an isolated cluster at the edge 
of a chain of the Ursa Major (SCI 211) and other superclus¬ 
ters (Fig. Ell. The possible shell around it is formed by poor su¬ 
perclusters and clusters at the edges of voids. The maximum at 
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Fig. 10. Distance distribution between cluster Gr34513 (A2020) and 
other groups and clusters of different richness (left panels) and the dis¬ 
tribution of groups with at least four galaxies in Cartesian coordinates 
(right panels). Notations and details are the same as in Fig.|^ The max¬ 
ima are located at 122 and 239 Mpc (upper left panel, Agai > 50), 
and 128 and 240 Mpc (lower left panel, Agai > 30). 

131 /t ' Mpc differs from random in the distance distribution of 
rich clusters around it, with Agai > 50, and is not significant in 
the case of poorer groups. This is the only cluster in our sam¬ 
ple for which the second maximum in the distance distribution 
can be found from random distributions with a probability lower 
than 0.001. For this cluster the second maximum for observed 
clusters is strong, the random distribution is much lower at large 
distances, but stronger than the observed distribution at smaller 
distances due to normalisation. 

Cluster Gr3714 (A1139) in Fig. 0is located at the edge of 
a chain of galaxy groups connected by rich superclusters with 
poor groups through the void. The possible shell around it is 
formed by the Bootes supercluster, the Ursa Major, and other 
superclusters. 

Cluster Gr34513 (A2020) is the only rich cluster in the su¬ 
percluster SCI 1311 with a density contrast D8 = 5.4, the low¬ 
est in our supercluster sample. However, the possible shell walls 
around it are formed by very rich and high-density superclusters, 
the Sloan Great Wall, and the Bootes supercluster among them 
(see Fig. [Toll. 

For these two clusters the maxima test confirmed that the 
maximum in the distance distributions to other groups and clus¬ 
ters at 130 /j ' Mpc has a probability lower than 0.001 to be ran¬ 
dom. 





4. Discussion and conciusions 

We analysed the distance distributions around rich clusters of 
galaxies in the local Universe and found 28 clusters with a max¬ 
imum at 120 - 130 Mpc scales in these distributions. These 
clusters represent centres of six shell-like structures. 

- The rich cluster A1795 in the Bootes supercluster has an 
almost complete shell-like structure with a radius of about 
120 ' Mpc around it. The probability that we derive this 

maximum from random distributions is lower than 0.001. 
The walls of the shell are delineated by filaments of galaxy 
systems of various richness from poor groups to the richest 
superclusters in the nearby Universe - the Sloan Great Wall, 
the Corona Borealis supercluster, the Ursa Major superclus¬ 
ter, and others. 


- We found five additional possible centres of shell-like sys¬ 
tems with a maximum on a scale of about 120 - 130 Mpc 
in the distance distribution of galaxy groups and clusters 
around them. These possible shells are only partly embed¬ 
ded in our sample volume. For one cluster (A1026) the max¬ 
imum at a distance d > 200 /z ' Mpc cannot be drawn from 
a random distribution. 

- The luminosity density contrast of possible shell centres and 
walls varies from the highest density peak in the whole SDSS 
survey (in the region of the A2142 supercluster, Z)8 > 20) to 
relatively low density regions with D8 < 4. 


The radii of the shells are larger than 109 /i ' Mpc, the 
well-known BAG scale, and they are wide, being in the interval 
of 119 -135 /i ' Mpc. They depend on the positions of the central 
clusters in the cosmic web. 

Another important difference is the composition of the 
shells: BAG shells are barely detected in the distribution of 
galaxies. In contrast, the walls of the shell connected with clus¬ 
ter A1795 are formed by superclusters, structures of the highest 
density in the nearby Universe. 

These differences in the properties of shells suggest that the 
causes for them are different phenomena. 

A characteristic scale of about 120 - 130 Mpc has been 
found in the distribution of r ich superclusters (lEinasto et al.l 
[l^ IT9^ LSaar et alJ lIOOl. and in the correlation func¬ 
tion of galaxy clusters ( Einasto et al.l 1 1997^5) . This is a man¬ 
ifestation of the cellular structure of the Uni verse, delin¬ 
eated b y rich clusters and galax y superclusters ( Jdeveer et all 


1977: Meveer & Einastol 1978t Aragon-Calvo et al.T 20101 : 


Arag6n-Calvoll20 1^ Einasto et alJ ( 1997dh noted that while the 


characteristic sizes of voids between superclusters of galaxies 
are similar for superclusters of all richnesses, the supercluster 
richness differs in wall voids. This agrees with our present find¬ 
ing that the richness of structures and their luminosity density in 
shell centres and walls varies strongly. 

The pattern of the cosmic web originates from processes in 
the early universe. The positions of high-density peaks and voids 
do not change much during the cosmic evolution, only their am¬ 
plitude grows with time (see references in Introduction). How¬ 
ever, it is not yet clear which processes cause shell-like structures 
in the local cosmic web. Therefore it is important to continue the 
analysis of the possible characteristic scales in the galaxy cluster 
and supercluster distribution using samples with larger sky cov¬ 
erage and wider redshift range to understand the presence and 
possible nature of these scales. 
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